comfort. Regarding users' comfort, critical body parts for local discomfort are the head and feet. Several authors have investigated the effect of thermal comfort in vertical temperature gradients: Eriksson and Domier, 3, 4 Olesen et al, 5 Tanaka et al, [6] [7] [8] Bohgaki et al, 9 Wyon
and Sandberg, [10] [11] [12] [13] [14] Palonen et al, 15, 16 Ilmarinen et al, 17, 18 Mayer, 19 Hori et al, 20 Loveday et al, [21] [22] [23] Hodder et al, 24 Kawahara et al, 25 Yu et al, [26] [27] [28] [29] [30] Cheong et al, 31, 32 Melikov et al, [33] [34] [35] Matsuo et al, 36 Hashiguchi et al, 37, 38 Liu et al, 39 and Schiavon et al. 40 In the following chapters, we present a literature review on recent research on thermal comfort and the effect of vertical temperature gradients.
Finally, we describe our methods and present the results of a statistical analysis. Extracts from the results of these studies on the effect of vertical temperature gradient in modified form are published with partly different data basis elsewhere.
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| LITER ATURE RE VIE W
We chose for the literature review studies with a positive air temperature gradient. A detailed description of the different studies can be found in the Supporting Information section.
The available data differ with regard to the experimental conditions (vertical temperature gradient, mean room temperature, different body zones, upper and lower climatic chamber, and different clothing factors), the experimental procedure (duration of the test, number and timing of the questionnaire, type of questions, gender, and group size of the subjects), and the survey (evaluation scales for thermal sensation and thermal comfort, discomfort scale, and determination of the dissatisfaction rate).
To ensure comparability between the studies, we use evaluations with similar mean room temperatures (T m = approximately 23°C), if possible. Table 1 presents a summary of the different experiments, divided into investigated parameters (mean room temperature and vertical temperature gradient) and using two columns, "used" and "overall," to identify the temperature ranges utilized in Figure 1 and
Practical Implications
• This paper investigates the thermal comfort of different vertical air temperature gradients. Current standards recommend a vertical temperature gradient between head and foot level of 3-4 K/m.
• Our results suggest that temperature gradients of up to 8 K/m are likely to be acceptable for test subjects.
• These findings contradict known standards and allow the use of displacement ventilation in a wider range of cooling systems. Ø21.7 ± 4 - Finally, we can identify influential and low-influential parameters on thermal comfort for the vertical temperature gradient. The influence of the vertical temperature gradient on the PD has been plotted in Figure 1 .
TA B L E
Seven authors have published data about the satisfaction of test subjects regarding local body parts and overall thermal comfort The results obtained by Wyon et al, [11] [12] [13] Bohgaki et al, 9 and Hori 45 concluding that in homogeneous environments, complaints occur more often, if the current recommendations are applied. In conclusion, the effect of the mean room temperature has a greater impact on the PD than the vertical temperature gradient.
We have additionally summarized the results of the thermal sensation evaluation, rated from "cold" to "hot" (−3 to +3) (Figure 2 ), which displays results from long study periods. The ratings of the thermal sensation with increasing temperature gradients are inconsistent. The overall sensation and the evaluation of the head area or the upper body increase slightly, while the thermal sensation at the foot area or the lower body decreases; however, both positive and negative ratings are equally undesirable.
Percentage of dissatisfied persons depending on the temperature gradient. We have summarized 10 publications by Eriksson and Domier, 3, 4 Olesen et al, 5 Bohgaki et al, 9 Wyon and Sandberg, 11, 13 Palonen et al, 15, 16 Hori et al, 20 and Yu et al 29 into
seven studies on local and global comfort. Differences regarding the time of the survey as well as the experimental conditions were also considered F I G U R E 2 Mean values of the thermal sensation according to the temperature gradient. The thermal sensation was plotted either as a single value of a body zone or as the mean value of overall evaluations. We have summarized 13 publications by Eriksson and Domier, 3, 4 Olesen et al, 5 Tanaka et al, 8 Palonen et al, 15, 16 Wyon and Sandberg, 10 Mayer, 19 Loveday et al, 21, 23 Yu et al, 29 Matsuo et al, 36 and Hashiguchi et al The temperature gradient is not the only parameter that influences the two variables "percentage of dissatisfied" and "thermal sensation." The effect of the mean room temperature has a greater impact than the vertical temperature gradient; additionally, local effects at the head and foot area are insufficiently considered.
Finally, previous research has not succeeded in clarifying the effects of vertical temperature gradients on thermal comfort. New research therefore seems to be necessary. To evaluate test subjects' thermal comfort in indoor environments with vertical temperature gradients up to 12 K/m, we have built a modular test chamber, the Aachen comfort cube (ACCu). This study aims to investigate the influence of air stratification on thermal comfort at constant volume flow rates.
| ME THOD
| Aachen comfort cube
The ACCu has a floor area of 2 m × 2 m and a height of 2.5 m. Three of the surrounding sidewalls consist of four surface segments. The first and the third segment are 400 mm high, the second is 500 mm high, and the fourth segment is 1050 mm high. A test subject can stand and sit in the comfort cube ( Figure 3 ).
Each surface segment, including the ceiling and ground segments, can be set to a temperature between 15°C and 40°C. This is achieved by capillary tube mats through which warm or cold water can flow to heat or cool each surface segment separately.
Instantaneous water heaters heat the warm water for the surface segments.
We have implemented a displacement ventilation system through horizontal ventilation slots above the floor. The air temperature can be set to a value between 15°C and 40°C. In the test cases pre- 
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| Measurements
We have measured the air temperature at four different heights This study has tested different temperature stratifications between 1 and 12 K/m. We have therefore varied the supply temperature as well as the wall temperature of the different sidewalls.
The influence of radiation should be as small as possible. To minimize the influence of radiation, we covered the sidewalls with polystyrene elements. Hence, the wall temperature measured by infrared thermography was nearly the same as the air temperature at this level ( Figure 4) . 41, 42, 43 These findings must be validated in the field, where radiant temperatures are likely to differ from air temperatures.
The total heat loss from a subject's body was not measured. It can be assumed, however, that it is not equal under all conditions.
We measure the temperature stratification for different test cases ( Figure 5 ). The mean value of the different measurement positions of all test cases has been printed. We have calculated the uncertainty of the air temperature measurement of the supply and exhaust air temperature from the standard deviation of the measurements for all test subjects and the measurement uncertainty of the sensor based on Guide to the Expression of Uncertainty in Measurement (GUM). 49 For every test case, the air temperature at the height of 0.6 m was constant at 23°C. We used different supply and exhaust air conditions of the five different vertical temperature gradients (Table 2 ).
| Test subjects
In this study, we exposed 42-96 test subjects to five different vertical temperature gradients. Three test subjects evaluated the ther- 
When we summarized the results of the different investigations,
we left out double evaluations of test subjects ( Table 3 ).
The test subjects wore their preferred clothing. The mean value of the clothing factor was about 0.7 clo (0.4 clo-1.6 clo), including the clothing factor of the seat.
| Questionnaires
We exposed test subjects to five vertical air temperature gradients in a sitting position. After at least 20 minutes in the ACCu under constant conditions, the test subjects completed a questionnaire.
We queried thermal sensation, thermal comfort, and thermal preference for overall sensation and local sensation considering single body parts. Our thermal sensation scale was based on the 7-point ANSI/ASHRAE Standard 55 2 scale, ranging from "cold" to "hot". In deviating from the standard, we described the neutral state with "neither cool nor warm." For the thermal comfort scale, we chose a 6-point scale between "very uncomfortable" and "very comfortable," based on the scale by Zhang. 50 We additionally evaluated the thermal preference between "much cooler" and "much warmer"
and the overall perceived air quality (PAQ) between "fresh" and 
| Statistics
We have presented all results as box plots for thermal sensation and thermal comfort and analyzed the subjective voting with the software package spss Statistics. 51 In order to detect significant differences, we compare each variable among the five groups using a Kruskal-Wallis test (with Bonferroni's post hoc test).
Statistical significance was reported if P < 0.05. For a visual pres- 
| RE SULTS
In this study, we evaluate the effect of vertical temperature gradients on thermal sensation and thermal comfort. First, we present Figure 6 , and the thermal comfort, presented in Figure 7 , for each single body part. 42 Furthermore, we supplied evidence of the statistical significance of the performance, which is discussed in the following chapter.
TA B L E 3 Test panel of the different configurations
| Effects of mean values
First of all, the ΔT/Δy = 1 K/m configuration represents the best evaluation for thermal sensation and thermal comfort. With higher temperature gradients, the foot area has been rated as the worst.
The evaluation of the thermal sensation at the foot area increased from "neither cool nor warm" for the ΔT/Δy = 1 K/m configuration to "slightly cool" for a gradient of ΔT/Δy = 12 K/m. For the head area, the evaluation of the thermal sensation increased from "neither cool nor warm" to "slightly warm."
In the ΔT/Δy = 1 K/m configuration, the thermal comfort at the foot area was either "just uncomfortable" or "just comfortable" and decreased to being "just uncomfortable" for the ΔT/Δy = 12 K/m configuration. Thermal comfort at the head area also decreased from either being "just comfortable" or "comfortable" to "just com- 
| Statistic results
The following section presents the statistical comparison analysis. Figure 8 illustrates the results obtained for the thermal sensation and Figure 9 those related to thermal comfort. We have presented the results as a box plot for overall and single body parts, having calculated the significant effects for these groups.
For the thermal sensation, significant differences exist at the we found no significant differences between diverse vertical temperature gradients. We have therefore found most of the significant differences at the head area. The effect size for evaluations between 1 and 12 K/m (r [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ) is medium to large, while for the other evaluations (r 4.5-12 , r 6-12 ), it is medium.
We have found significant effects in thermal comfort at the foot level, between 1 and 12 K/m, as well as between 6 and 12 K/m ( Figure 9 ). We have not found significant effects for the overall thermal comfort and the head area. The effect size for evaluations at the left foot between 1 and 12 K/m (r [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ) was medium to large, while for the other evaluations (r 4.5-12 , r 6-12 ), it was medium. In comparison with the thermal sensation evaluation, the foot area seems to be more sensitive to thermal comfort.
| Percentage of dissatisfied
We have calculated the PD at the head and foot level from the test subjects' answers, using the responses from the thermal comfort evaluation and summarizing the answers between the range of "very uncomfortable" and "just uncomfortable." Figure 10 displays the PD over the temperature gradient (K/m); the overall thermal comfort is highlighted in orange, the head in red, the left foot in blue, and the right foot in green. 41, 43, 44 We have calculated error bars for the F I G U R E 8 Box plot of the thermal sensation of different single body parts and the overall thermal sensation (***P < 0.001, **P < 0.01, and *P < 0.05). Mean values are printed as boxes and the medians as black lines F I G U R E 9 Box plot of the thermal comfort of different single body parts and the overall thermal comfort (***P < 0.001, **P < 0.01, and *P < 0.05) vertical temperature difference from the standard deviation of all test subjects and the temperature measurement sensor uncertainty based on the GUM. 
| D ISCUSS I ON
| Significant effects
Based on the statistical analysis of the vertical temperature gradients, we have found a statistically significant result of thermal sensation ( Figure 8 ) and thermal comfort ( Figure 9 ) for different body parts. Three significant effects for thermal sensation can be seen at the head level. The P-value for the difference between 1 and 12 K/m is P < 0.001, which is statistically highly significant and correspond with medium to large effects.
For the thermal comfort analysis, we have only found statistically significant results at the foot level. In conclusion, test subjects seem to be more sensitive to thermal sensation evaluations, especially for the head area, and more sensitive to thermal comfort at the foot area. We have furthermore only found statistically significant results for local body parts. No significant differences between the overall thermal sensation and thermal comfort were shown. Hence, we have concluded that the effects of local thermal sensation and comfort are more significant than the effects of overall or global evaluations. hoc test, the alpha value was adjusted for multiple comparisons to α* = α/10 = 0.005. In conclusion, the vertical temperature gradient seems to have a significant influence on local body parts, but not on the overall thermal sensation and thermal comfort, if the mean room temperature is constant.
| PD on vertical temperature gradient
The PD is based on the ISO 7730 and ANSI/ASHRAE Standard 55.
In Having reviewed the literature, the results obtained by Wyon et al, [11] [12] [13] Palonen et al, 15, 16 Hori et al, 20 and Yu et al [26] [27] [28] [29] indicate that the PD increases modestly. Our experiments have determined similar results. The foot area, however, is the most critical point, as most complaints about thermal comfort were reported for this area. Nevertheless, the influence of the foot area is not as large as Test subject could accept temperature gradients up to 4 K/m (Olesen et al, 5 Bohgaki et al, 9 Wyon et al, [11] [12] [13] 
| CON CLUS I ON AND OUTLOOK
In this study, we have summarized all the papers reviewed and investigated the thermal comfort of displacement ventilation in environments with different vertical air temperature gradients between the head (1.1 m) and feet (0.1 m). Test subjects could not change the room temperature to suit them.
• The papers reviewed did not agree on the magnitude of the effects of thermal gradients on thermal discomfort. Early studies by
Olesen et al 5 and Eriksson et al 3, 4 have indicated that the vertical temperature gradient should not exceed 3-4 K/m. The results of new research (Bohgaki et al, 9 Wyon et al, [11] [12] [13] Hori et al, 20 Palonen et al, 15, 16 Ilmarinen et al, 17, 18 Yu et al, [26] [27] [28] [29] [30] Liu et al, 39 and Schiavon et al 40 ) have concluded that vertical temperature gradients of 4-8 K/m are likely to be acceptable. The effect of mean room temperatures has a greater impact on the PD then the vertical temperature gradient.
• At a room temperature of 23°C, the PD increases modestly with higher temperature gradients (ΔT/Δy = 1 K/m up to ΔT/Δy = 12 K/m).
• In contrast to current ISO 7730 recommendations, higher vertical air temperature gradients of up to 8 K/m can be tolerated in displacement ventilation systems. For higher vertical air temperature gradients, the PD is lower than the predicted PD in the current ISO 7730.
• To transfer the results to real ventilation environments, further investigations with mean room temperatures of 20°C and 26°C
and different vertical temperature gradients have to be evaluated by test subjects.
• The experiments by Olesen et al, 5 in which test subjects can adjust their preferred temperature, have revealed the specific influence of vertical temperature gradients. In new experiments with test subjects, this effect will be studied in more detail.
• For practical implication, displacement ventilation can be used in a wider range of cooling systems and is not limited to vertical temperature gradients of 3 K/m.
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